Plasmodium falciparum (P. falciparum) malarial degree of infection, termed as parasite density (PD), estimation is vital for pointof-care diagnosis and treatment of the disease. In this work, we present application of optical techniques: optical absorption and multispectral imaging for P. falciparum malarial byproduct (hemozoin) detection in human-infected blood samples to estimate PD. e blood samples were collected from volunteers who were tested positive for P. falciparum infections (i-blood), and after treatment, another set of blood samples (u-blood) were also taken. e i-blood samples were grouped based on PD (+, ++, +++, and ++++). Optical densities (ODs) of u-blood samples and i-blood samples at blood absorption bands of 405 nm, 541 nm, and 577 nm showed different optical absorption characteristics. Empirical computation of ratio of the ODs for the blood absorption bands revealed reduction in the ODs with increasing PD. Multispectral images containing uninfected red blood cells (u-RBCs) and P. falciparum-infected red blood cells (i-RBCs) on unstained blood smear slides exhibited spectrally determined decrease in both reflected and scattered pixel intensities and increase in transmitted pixel intensities with increasing PD. We further propose a linear classification model based on Fisher's approach using reflected, scattered, and transmitted pixel intensities for easy and inexpensive estimation of PD as an alternative to manual estimation of PD, currently, the widely used technique. Application of the optical techniques and the proposed linear classification model are therefore recommended for improved malaria diagnosis and therapy.
Introduction
Plasmodium falciparum (P. falciparum) malarial parasite density (PD) estimation provides salient information on the severity of the disease and treatment response. During intraerythrocytic development stage, these parasites feed on hemoglobin (Hb) of their hosts red blood cells (RBCs) [1, 2] , resulting in hemozoin production as a byproduct [3] [4] [5] [6] . Research has shown that the production of the hemozoin correlates linearly with PD in the blood [7, 8] . e Hb has been found to absorb light strongly around 405 nm, referred to as Soret band (S-band). Other absorption bands are found around 541 nm, beta band (β-band), and 577 nm, alpha band (α-band) [9] [10] [11] .
In clinical settings, the level of PD is helpful as one of the criteria used to monitor the effect of antimalarial treatment [12] . When the PD of a P. falciparum-infected patient is known, the right antimalarial drug dosage can be prescribed for treatment, and this will help prevent underdose or overdose and their associated toxicity [13, 14] . Hence, instant PD estimation could provide a quick solution for precise prescription of antimalarial drugs. Even though widely used manual examination technique for PD estimation exists for P. falciparum malarial [15] [16] [17] [18] , it uses Giemsa-stained thick or thin blood smear slides under light microscope. is technique is time-consuming, costly, destructive, and sometimes results in experts giving subjective results [19] [20] [21] [22] [23] [24] . erefore, there is the need for a fast, objective, nondestructive, and relatively less expensive technique to address this problem. Optical techniques (OTs) are considered favorable candidates to use because they have already found many applications in supporting medical treatment.
Optical techniques, in principle, are versatile, relatively fast and less expensive, nondestructive, and valuable being used for the diagnosis of diseases [25] [26] [27] [28] . ey are said to be the only techniques that can provide cellular or molecular level information about samples, with almost single molecule sensitivity, allowing probing of cellular structure and dynamics for understanding the mechanisms of physiological regulation [29, 30] . OTs such as optical absorption (OA) and multispectral imaging (MSI) are being applied for hemozoin detection, providing comparable results in malaria diagnosis [24, [31] [32] [33] . e OA spectra and the influence of refractive index (RI) are more likely to differ when a higher spectral resolution is accessible. Hence, increasing the number of acquisition channels ensures easier identification of objects.
Multispectral imaging, which has many applications including microscopy [34] , is the act of capturing images at more than one spectral band and extracting physical as well as chemical properties information out of the images and is dependent on excitation light source used during acquisition [35] . When microscopy of a sample is done in transmission mode, contrast occurs partially from differences in absorption properties of different parts of the sample and partly from spatial gradients in the RI. A measure of a pixel intensity (I) extracted from an image acquired at a spectral band is given as
where E sp is the emission spectrum of illumination, T is the ratio of transmitted intensity to incident intensity, S B is the spectral band of the imaging system, and λ is the wavelength of the illumination light source. Equation (1) shows that a result is achieved when there is a convergence among the emission spectrum of illumination, the spectral band of the imaging system, and the wavelength of the illumination light source.
Malarial studies involving OA include interpreting ultraviolet-visible spectra of malarial parasite P. falciparum [36] , optical properties of malaria parasites in infected RBCs (i-RBCs) [24, 37] , birefringence quantitative monitoring of uninfected RBCs (u-RBCs) and i-RBCs [38] , magneto-optic route toward in vivo diagnosis of malaria [39] , and miniaturized optical diagnostic method by spectrophotometry for hemozoin quantification [40] . MSI studies comprise wavelength markers for identifying ring and trophozoite stages of P. falciparum parasites [41] , application of principal component analysis to multimodal optical image analysis for malaria diagnostics [42] , multimode light-emitting diode microscopy for malaria diagnostics [43] , and rapid malaria diagnosis by light microscope with interference filter [44] . To the best of our knowledge, OA and MSI techniques have not been combined for PD estimation from P. falciparum-infected blood samples of human.
In the present work, we employ OA and MSI techniques for hemozoin identification in P. falciparum-infected human blood samples for PD estimation. ese techniques are being introduced to complement the laser-induced autofluorescence technique that has been developed by the group [45] .
Experimental Methods and Procedure

Blood Sample Preparation.
Five millilitres (5 ml) each of blood samples were collected from 80 positively tested malaria parasites-infected volunteers. e same amount of blood samples was collected from the same volunteers after antimalarial treatment and those tested negative (uninfected), totaling 160 blood samples.
e infected blood samples were grouped, by an expert, into four categories (+, ++, +++, and ++++) based on the level of infection, PD. ree millilitres (3 ml) each of the blood samples, both infected (i-blood) and uninfected (u-blood) samples, were used in preparing 8 thin blood smear slides, 3 stained and 5 unstained, following protocol described by Boampong et al. [46] , for microscopy imaging. e stained sets were used as training slides and unstained set as test slides. e volunteers were informed about the study, and appropriate consents were obtained. e blood samples and volunteer's data collection procedures were approved by the Ghana Health Service Ethical Review Committee (GHS-ERC-09/05/14). Finger prick technique was used to collect the blood sample from all the volunteers. e volunteers were 40% males and 60% females aging between 1 and 89 years with a mean age of 16 years.
Optical Absorption Measurements.
For quantitative determination of Hb concentration in u-blood and i-blood samples, Drabkin's solution was prepared from distilled water (1 L), potassium dihydrogen phosphate (140 mg), potassium ferricyanide (200 mg), potassium cyanide (50 mg), and nonionic detergent (1 ml). Referenced optical densities (ODs) were measured with UV-VIS spectrophotometer (Shimadzu UVmini-1240, Japan), at 405 nm (Sband), 541 nm (β-band), and 577 nm (α-band) using 2.5 ml of the Drabkin's solution.
ree ODs of a mixture of twelve microliters (12 μl) of u-blood and 2.5 ml of the Drabkin's solution were measured for each band using the same spectrophotometer. e measurement procedures were repeated for all the i-blood samples. ODs for the blood samples were calculated by 2
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Multispectral Image Acquisitions.
Using a multispectral light-emitting diode imaging (MSLEDI) microscope, described somewhere else [47] , multispectral images of iblood smears and u-blood smears were acquired in reflection, scattering, and transmission modes. For each slide of blood smear and for each mode, 13 images were acquired using 13 different LED sources. e image acquisitions were done without changing the sample position for an accurate prediction on the optical characteristics of each pixel for all the three modes. e images were then separated into training and test sets, for both i-blood and ublood, for analysis. All analyses in this work were done using MATrix LABoratory (Matlab) (R2014a Matlab 7.10.0, MathWorks Inc., USA).
Data Processing
Ratio of Optical Density Calculation.
e referenced ODs data, as well as the ODs data comprising a mixture of the Drabkin's solution and the blood samples, measured at the S-band, the β-band, and the α-band were imported into Matlab platform. In the Matlab platform, ODs for each ublood and i-blood samples were calculated using the following equation:
e u-blood samples are composed of Hb, and their spectra are dominated by the spectral fingerprint of the Hb, which is strongly characterized by the S-band, the β-band, and the α-band [48] . Ratios of ODs at the β-band to the α-band and as a product of the S-band were, respectively, calculated using an empirical relation:
where k is a constant ODs factor. Equation (3) is a modified version of the model presented by Antonini and Brunori [49] .
Linear Discriminant Analysis.
Linear discriminant analysis (LDA) is a commonly used multivariate technique for data classification. For a data set containing two groups, say u-RBCs and i-RBCs, the LDA can be used for classification using the following relation [50] :
where Dv is the discriminant vector, PC u− RBCs and PC i− RBCs are the average values of the principal components (PCs) from the two groups, Cov is the common covariance matrix of the two groups, and PC x is the average PC values of the RBCs to be classified. A new observation PC xo can be assigned to u-RBCs, if
where
is the midpoint between the two groups' averages, else PC xo is assigned to i-RBCs if
Fisher's linear discriminant analysis (FLDA) was performed using the pixel intensities data extracted from the images captured at two discriminating spectral bands (2-DSBs): 435 nm and 660 nm. e FLDA of the pixel intensities data follows a procedure described by Adueming et al. [51] . Allocation rule obtained from the FLDA function for the pixel intensities data of the u-RBCs and the i-RBCs) is given as
where PC 1 , PC 2 , and PC 3 represent first, second, and third PCs, respectively, with K 1 , K 2 , and K 3 being the coefficient of the PCs. us, if PC xo ≥ mp, then the pixel intensities belong to the u-RBC, else they are the i-RBCs.
Results
Optical Absorption.
e mean ODs of the u-blood and the i-blood samples for S-band, β-band, and α-band, after one-way ANOVA are shown in Table 1 . e mean ODs and their respective deviations from the mean are presented in the third, fourth, and fifth columns, and the eighth row shows the p values. e p values indicate the differences between ODs of the u-blood and i-blood samples. Variations can be observed in the ODs for the i-blood samples in relation to the u-blood samples at the S-band, the β-band, and the α-band. Except the α-band, the two other bands (S-and β-bands) show high ODs for the u-blood samples. In the case of the i-blood, the ODs of the S-band reduces with increasing PD, whereas that of the α-band increases with increasing PD. But the same trend cannot be said of the β-band. e β-band shows increasing ODs with increasing PDs from (+) to (+++) and reduction in ODs for PD of (++++). e ratio of the β-band to α-band ODs for the u-blood samples reduces by about 2.3% as compared with the literature value of 0.9200% [49] . e ODs were slightly high in PD of (+) and reduced in (++), (+++), and (++++). A graphical representation of the PD empirical model, equation (3), is presented in Figure 1 .
Patterns of distribution, as indicated by the error bars in Figure 1 , show the highest ODs ratio for the u-RBCs and reduction in the ratios of ODs with increasing PD in the i-RBCs. is observation suggests that adding the S-band as a product of the ratio of the β-to α-bands ODs would give better information because the S-band is a strong Hb absorption band. Hence, one could easily make predictions for International Journal of Optics 3 PD estimations in human blood when the S-band is considered. Figure 2 shows pseudocolor images of u-RBCs and i-RBCs from 660 nm (R), 525 nm (G), and 435 nm (B), as was done by Merdasa et al. [43] . ese spectral bands have been identified as markers for discriminating i-RBCs and u-RBCs using the MSI technique [41] . e RGB images (Figure 2 ), if color printed, show features of RBCs as they appear under an optical microscope. Figure 2 also shows the same region of the blood smear slides under the MSLEDI microscope in all the three modes. Figures 2(a)-2(c) show differences in the color images of the RBCs in all the three modes. In Figure 2 (a), some RBCs appear dark in the center, suggesting a decrease in reflection in the RBCs. is observation seems to differ among other RBCs. Some RBCs also appear white in the center, indicating high reflection. In Figure 2 (b), it can be observed that some RBCs seem to have an internal structure. RBCs with internal structure are more scattered, whereas those without the structure appear to have unfilled centers. Figure 2 (c) shows the predicted RBCs color (red color), but there is a clear distinction between the RBCs. Some RBCs appear slightly brownish indicating low transmission whereas others appear redder with high transmission.
Multispectral Images
Color Representation of Multispectral Images.
Feature Extraction of Hemozoin Properties.
Pixel intensities of images containing the u-RBCs and the i-RBCs for the 13 spectral bands were extracted. Figures 3-5 show three-dimensional (3D) plots of the pixel intensities, I (a.u) and radii, r (μm) of the u-RBCs and the i-RBCs with different PD against spectral range, λ (nm) for reflection, scattering, and transmission modes, respectively. e 3D surf plots in Figures 3-5 show, to some extent, spectral variations in pixel intensities extracted from the u-RBCs and the i-RBCs in all the modes. e existence of hemozoin, or the decrease in Hb concentration, appears in all the three acquisition modes, suggesting the prevalence of infection. Figure 3 
Discussion
is work aims at the application of optical techniques to identify P. falciparum malarial byproduct (hemozoin) from human i-blood samples. e OA technique shows that the presence of P. falciparum parasites in the i-blood samples triggered Hb degradation with increasing PD and hence weak Hb absorption at the S-band (405 nm). At the β-band (541 nm), high ODs were observed for the u-blood samples and varied in the i-blood samples. ese observations indicate that, at the β-band, there is high Hb absorption for all i-blood samples representing PD of (+) and weak Hb absorption for the samples with PD (++), (+++), and (++++), as a result of the growth of the parasite. And that, at the β-band, the PD estimation does not correlate either directly or inversely with Hb absorption.
Scatter plot of the ratio of β-band to α-band ODs as a product of the S-band ODs (Refer to Figure 1) shows that the presence of malaria parasites or increasing hemozoin in malarial patient's blood causes reduction in Hb degradation. When the constant factor k, which could be accounted for by the Drabkin's solution, is taken into consideration in the new (empirical) relation equation (3), say 0.04, the ratio of ODs for the u-blood samples approaches 1.00, suggesting that any value less than 1.00 is an infected blood with increasing PD. at for the i-blood samples show decrease ODs with increasing PDs. e value for i-blood samples are 0.69, 0.63, 0.42, and 0.30 for PD (+, ++, +++, and ++++), respectively. Compared with the u-blood samples, these values correspondingly decrease by 31.00%, 37.00%, 58.00%, and 70.00% for PD (+, ++, +++, and ++++).
e u-RBCs are cylindrically symmetric and are aligned parallel to an optical microscope slide containing blood smear. erefore, optical orientation of u-RBCs and the i-RBCs onto a surface could reveal disparities in the RBCs as hemozoin shows bright white or cyan color in i-RBCs [24] . Exploiting the MSI technique, spectral differentiation could easily be made between the u-RBCs and the i-RBCs in all the three acquisition modes. e spectral differentiation between u-RBCs and i-RBCs was particularly observed by light intensity decrease in both reflection and scattering modes and increase in transmission mode for i-RBCs compared with u-RBCs, as shown in Figures 3-5 . In transmission mode specifically, the spectra of Hb in u-RBCs were characterized by the S-band in the blue region and two additional bands in the green region [48] . e S-band uniquely depicted high absorption of Hb in u-RBCs (Figure 5(a) ). is band tends to decrease and become broader in width with the presence of hemozoin ( Figures 5(b) -5(e)), indicating low absorption and/or high transmission of light intensities by i-RBCs. is is an indication that the i-RBCs have their Hb either partially or completely digested together with the membrane proteins and membrane skeletal proteins by the parasite. e i-RBCs therefore become less dense and hence able to transmit more light [1, 2] . e intensity differences may be attributed to the breakdown of Hb by the parasite as protein chain fragments were transported away for further digestion. Also, the presence of hemozoin or the decrease of Hb could increase transmission of light. erefore, incident radiation in the Sband was less absorbed by the i-RBCs. Hemozoin shows absorption bands at 630 and 660 nm in its fingerprints [36] . e 660 nm band was dominant in the spectral properties of the i-RBCs in all three modes, especially in transmission mode. is shows that the 660 nm band could be identified to depict disparities between the u-RBCs and the i-RBCs in a blood smear slide under MSI microscope, which is in agreement with the work reported elsewhere [41] . Due to the biconcave shape of RBCs, the centers of the u-RBCs 
Conclusion
is work shows the potential of two optical identification techniques, OA and MSI, based on fingerprints of blood absorption and spectral signatures of RBCs to estimate PD from P. falciparum human i-blood samples under stainingfree preparations. Using the OA technique, empirical computation of the ratio ODs at blood absorption bands (Sband, β-band, and α-band) shows reduction in ODs with increasing PD in the i-blood samples. e OA technique exploited the disparities in the optical properties of the iblood samples, indicating that S-band is an essential spectral band for Hb degradation, which could help to determine the severity of malaria.
By illuminating the blood samples with different LEDs in the three modes, we have shown the optical disparities between the u-RBCs and the i-RBCs with different PD without staining. Spectral differentiation between u-RBCs and i-RBCs is particularly observed by light intensity decrease in both reflected and scattered pixel intensities and increase in transmitted pixel intensities with increasing PD in i-RBCs. Blood, in general, shows strong absorption of visible light. erefore, when the absorption property of blood is altered, such as the presence of malaria parasites in the i-RBCs, more light will be transmitted through the i-RBCs. Our work gives credence to the fact that Hb degradation in human blood increases with increasing PD in i-RBCs, and this is evidence in patients with severe malaria infections. us, the optical techniques applied in this work could offer potential tools for improved, point of care malaria diagnosis and therapy. Besides, we have proposed a linear classification model based on Fisher's approach [52] for the PD estimation.
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